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Abstract. Anthropogenically emitted CO2 from fossil fuel
use and land use change is partly absorbed by terrestrial
ecosystems and the ocean, while the remainder retained in
the atmosphere adds to the ongoing increase in atmospheric
CO2 concentration. Earth system models (ESMs) can simu-
late such dynamics of the global carbon cycle and consider its
interaction with the physical climate system. The ESMs that
participated in the Coupled Model Intercomparison Project
phase 6 (CMIP6) performed historical simulations to repro-
duce past climate–carbon cycle dynamics. This study inves-
tigated the cause of CO2 concentration biases in ESMs and
identified how they might be reduced. First, we compared
simulated historical carbon budgets in two types of exper-
iments: one with prescribed CO2 emissions (the emission-
driven experiment, “E-HIST”) and the other with a pre-
scribed CO2 concentration (the concentration-driven exper-

iment, “C-HIST”). Because the design of CMIP7 is being
considered, it is important to explore any differences or im-
plications associated with such variations. The findings of
this confirmed that the multi-model means of the carbon bud-
gets simulated by one type of experiment generally showed
good agreement with those simulated by the other. However,
the multi-model average of cumulative compatible fossil fuel
emission diagnosed from the C-HIST experiment was lower
by 35 PgC than that used as the prescribed input data to drive
the E-HIST experiment; the multi-model average of the sim-
ulated CO2 concentration for 2014 in E-HIST was higher by
7 ppmv than that used to drive C-HIST. Regarding individ-
ual models, some showed a distinctly different magnitude
of ocean carbon uptake from C-HIST because the E-HIST
setting allows ocean carbon fluxes to be dependent on land
carbon fluxes via CO2 concentration. Second, we investi-
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gated the potential linkages of two types of carbon cycle in-
dices: simulated CO2 concentration in E-HIST and compati-
ble fossil fuel emission in C-HIST. It was confirmed quantita-
tively that the two indices are reasonable indicators of overall
model performance in the context of carbon cycle feedbacks,
although most models cannot accurately reproduce the cu-
mulative compatible fossil fuel emission and thus cannot re-
produce the CO2 concentration precisely. Third, analysis of
the atmospheric CO2 concentration in five historical eras en-
abled the identification of periods that caused the concentra-
tion bias in individual models. Fourth, it is suggested that this
non-CO2 effect is likely to be the reason why the magnitude
of the natural land carbon sink in historical simulations is dif-
ficult to explain based on analysis of idealized experiments.
Finally, accurate reproduction of land use change emission
is critical for better reproduction of the global carbon budget
and CO2 concentration. The magnitude of simulated land use
change emission not only affects the level of net land car-
bon uptake but also determines the magnitude of the ocean
carbon sink in the emission-driven experiment. This study
confirmed that E-HIST enables an evaluation of the full span
of the uncertainty range covering the entire carbon–climate
system and allows for an explicit simulation of the interlink-
ing process of the carbon cycle between land and ocean. By
isolating the forced responses and feedback processes of the
carbon cycle processes, the usefulness of C-HIST in eluci-
dating climate–carbon cycle systems and in identifying the
cause of CO2 biases was confirmed.

1 Background and objectives

The observed increase in atmospheric CO2 has been caused
by anthropogenically emitted carbon. In the Global Carbon
Budget 2021 report (GCB2021; Friedlingstein et al., 2022),
the cumulative anthropogenic-related emissions of CO2 from
fossil fuel use and land use change during 1850–2021 are es-
timated to be 465± 25 and 205± 65 PgC, respectively. Ap-
proximately half of the emitted carbon has been absorbed by
the land and the ocean, both of which exhibit a similar level
of carbon sink capacity in terms of their cumulative uptakes
(i.e., 200± 45 PgC for land, 170± 35 PgC for the ocean). For
the period 1850–2014, which corresponds to the “historical”
period of the Coupled Model Intercomparison Project phase
6 (CMIP6; Eyring et al., 2016), GCB2021 states that those
cumulative values are 400± 20 PgC for fossil fuel emission,
195± 60 PgC for land use change emission, 180± 40 PgC
for land carbon uptake, and 150± 30 PgC for ocean carbon
uptake.

The carbon sink capacity of both the land and the ocean
is adjusted in response to environmental changes, and one
of the major influencing processes is caused by atmospheric
CO2 concentration. An atmospheric CO2 increase stimulates
plant photosynthesis, which leads to the accumulation of car-

bon as organic matter in plants and soils. An atmospheric
CO2 increase also drives the ocean carbon sink by accelerat-
ing CO2 dissolution into the surface water, a certain amount
of which is transported to the deeper ocean via oceanic cir-
culation and biological processes. Consequently, these pro-
cesses buffer the rate of the increase in atmospheric CO2
concentration triggered by external forcing (e.g., anthro-
pogenic emissions) and thus yield a negative feedback loop
between atmospheric CO2 and land and/or ocean carbon,
named “CO2–carbon feedback” or “concentration–carbon
feedback” (Arora et al., 2020; Hajima et al., 2014b; Boer and
Arora, 2009; Gregory et al., 2009). There exists another type
of carbon cycle feedback, named “climate–carbon feedback”
(Friedlingstein et al., 2006; Boer and Arora, 2009; Gregory
et al., 2009), which quantifies the response of the carbon cy-
cle to climatic changes, expressed in terms of temperature
change. Warming of the surface air and soil accelerates land
ecosystem respiration, leading to the loss of carbon from ter-
restrial ecosystems to the atmosphere. Similarly, warming of
the upper ocean reduces CO2 dissolution into the seawater,
and global warming also prevents effective transport of dis-
solved carbon to the deeper ocean owing to greater oceanic
stratification. Because this feedback process likely reduces
the amount of carbon stored in the land and the ocean, it is
regarded to be a positive feedback loop between the climate
system and the carbon cycle (Arora et al., 2020).

Historical change in the global carbon budget has been in-
vestigated via decomposition into the component fluxes of
anthropogenic emissions of fossil fuel and land use change,
natural sinks of the land and the ocean, and the rate of
increase in atmospheric carbon (Le Quéré et al., 2018;
Friedlingstein et al., 2021). These component fluxes can be
simulated explicitly by Earth system models (ESMs), which
integrate physical climate models (i.e., coupled atmosphere–
ocean general circulation models) with models of land and
ocean biogeochemistry (Hajima et al., 2014a; Kawamiya et
al., 2020). Such models, with prescribed fossil fuel CO2
emissions and scenarios of land use and land cover change,
can explicitly simulate historical changes in atmospheric
CO2 together with the underlying land use change emis-
sions, natural carbon land and ocean sinks, and their in-
teraction with the physical climate. Because the simula-
tion is driven by prescribed fossil fuel CO2 emissions, it is
called an “emission-driven” (hereafter, “E-driven”) experi-
ment (Friedlingstein et al., 2014; Jones et al., 2016). The his-
torical E-driven experiment (named “esm-hist”) comprises
one of the core experiments in CMIP6 (Eyring et al., 2016).

Another type of historical experiment (named “historical”)
was conducted under the auspices of CMIP6. This simula-
tion used a prescribed CO2 concentration pathway as an in-
put, and the configuration is called a “concentration-driven”
(hereafter, “C-driven”) experiment (Jones et al., 2013; Lid-
dicoat et al., 2021). The C-driven setting is necessary to
drive conventional climate models that do not include land
and ocean biogeochemistry components and therefore can-
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not predict CO2 concentration prognostically. Additionally,
the C-driven setting is necessary, even for ESM simulations,
for several reasons. First, the CO2 concentration in some ide-
alized experiments is preferentially prescribed (e.g., experi-
ments of CO2 increase of 1 % per year) such that the ex-
periments can be performed with conventional climate mod-
els. Second, a C-driven experiment facilitates the separation
and evaluation of forced responses (e.g., greenhouse gases
(GHGs), short-lived climate forcings, and land use and land
cover change) and feedback processes of climate–carbon
cycle systems. One example is the evaluation of land use
change emission, which is sometimes assessed by compar-
ing two types of C-driven experiments, i.e., a normal histori-
cal experiment and a special historical experiment, in which
the fractional coverage of land cover is fixed at the preindus-
trial level (“hist-noLu”; Lawrence et al., 2016). Although a
fixed land use change experiment can also be conducted us-
ing the E-driven mode (e.g., Shevliakova et al., 2013), the
fixed land cover can diminish the emission and reduce the
CO2 concentration, which might hamper direct comparison
with the normal E-driven historical experiment. In this re-
gard, various types of CMIP6 experiment have been designed
to be run in the C-driven mode to assess the forced responses
and feedbacks (e.g., Eyring et al., 2016; Jones et al., 2016;
Lawrence et al., 2016; Gillett et al., 2016; Keller et al., 2018).
Third, the CO2 concentrations simulated by ESMs remain bi-
ased. Gier et al. (2020) compared the column-averaged CO2
concentration of CMIP6 ESMs and found that the models
have a concentration bias of −15 to +20 ppmv in compari-
son with that of satellite-derived observations for 2014. This
large bias might prevent consistent comparison of the simu-
lated climate between atmosphere–ocean general circulation
models forced by CO2 concentrations and ESMs. Finally, the
results of C-driven experiments allow a posteriori diagnosis
of fossil fuel CO2 emission, i.e., the “compatible fossil fuel
CO2 emission” (Jones et al., 2013; Liddicoat et al., 2021).
The calculation of compatible fossil fuel CO2 emissions by
ESMs has been necessary to verify the validity of future sce-
narios because the translation between the CO2 emission and
the concentration in the creation of future scenarios relies on
simple climate models (Meinshausen et al., 2011, 2020).

The compatible fossil fuel emissions in C-driven experi-
ments are diagnosed to be consistent with the prescribed CO2
concentration, and, thus, a model with stronger (weaker) nat-
ural ocean and land carbon sinks yields larger (smaller) com-
patible fossil fuel emissions. Compatible fossil fuel emis-
sions therefore integrate the carbon cycle response to exter-
nal forcings and are an indicator that characterizes the total
strength of the climate and carbon cycle feedbacks in models
despite the lack of a fully coupled carbon cycle. Meanwhile,
E-driven experiments project CO2 concentration based on
prescribed fossil fuel emissions, and a model with stronger
(weaker) ocean and land carbon sinks yields a lower (higher)
simulated CO2 concentration, thereby making the simulated
CO2 concentration an indicator of model feedbacks. Thus,

a model that can produce realistic anthropogenic emissions
in a C-driven experiment is expected to reproduce adequate
atmospheric CO2 concentrations in an E-driven experiment.
However, multi-model comparisons with C-driven and E-
driven historical experiments have been analyzed separately
in a number of previous studies (Friedlingstein et al., 2014;
Jones et al., 2013; Gier et al., 2020; Liddicoat et al., 2021),
and only a limited number of multi-model studies are avail-
able to confirm the level of consistency between the two
types of historical experiments (Friedlingstein et al., 2014).

As ESMs evolve and as the science that they enable be-
comes more relevant, it is important to fully understand the
implications of experimental design choices. Historical ex-
periments performed in the E-driven mode have the advan-
tage of yielding simulations that capture the chain of the
climate–carbon cycle processes that occur in the real world.
Furthermore, it is clear that E-driven simulations enable
fuller sampling of the range of uncertainty (Lee et al., 2021)
in the evaluation of historical runs, leading to the current dis-
cussion to move modeling toward the E-driven mode as the
default (Sanderson et al., 2023). Meanwhile, C-driven exper-
iments allow us to evaluate separately the forced response
and feedback processes of the Earth system (e.g., the separa-
tion of the global carbon budget into land use change emis-
sion and land and ocean natural sinks). Thus, detailed anal-
ysis of the global carbon budget using C-driven experiments
would be helpful in investigating the cause of the CO2 con-
centration simulated in E-driven simulations and in explor-
ing the dynamics of the global carbon cycle. In particular,
the bias of the simulated CO2 concentration is likely to be
amplified in future climate projections (Friedlingstein et al.,
2014; Hoffman et al., 2014), and, therefore, such an inves-
tigation is one of the most urgent objectives for improving
ESM performance. Such an assessment would also have im-
plications with regard to the choice of ESM simulations and
would lead to recommendations that could enable full opti-
mization of the resulting simulations.

In this study, we first compared the global carbon budget
of C-driven and E-driven historical experiments simulated by
CMIP6 ESMs to confirm the level of consistency between
these two types of experiments. Then, the linkages between
the results of the C-driven and E-driven experiments were
further investigated, focusing on the extent to which the C-
driven simulations could explain the results of the E-driven
experiments. Finally, we further investigated and discussed
how the CO2 concentration simulated in ESMs could be im-
proved. The models, simulations, and analysis methods used
in the study are described in Sect. 2. The main results of the
analysis and a discussion are presented in Sect. 3. Sugges-
tions for improved simulation of CO2 concentration are sum-
marized in Sect. 4. Finally, a summary and our conclusions
are presented in Sect. 5.
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2 Methods

2.1 CMIP6 experiments

Details of the CMIP6 experiments analyzed in this study
are summarized in Table 1. Historical simulations obtained
with the E-driven mode esm-hist (hereafter, E-HIST) were
used for analysis (12 models in total) after correcting for
the drift found in the preindustrial control experiment, “esm-
piControl”. The correction was made by simply subtracting
the drift found in esm-piControl. Similarly, historical sim-
ulation results obtained with the C-driven mode historical
(hereafter, C-HIST) were also used for analysis (14 models)
after performing a similar drift correction using the C-driven
preindustrial control experiment, piControl. These drift cor-
rections were applied to the variables of CO2 concentra-
tion, cumulative nbp (net biome productivity), and cumula-
tive fgco2 (gas exchange flux of ocean CO2) (Jones et al.,
2016).

To investigate in detail the historical response of the car-
bon cycle to external forcings, the results of other types of
C-driven experiments were also analyzed in this study. One
of the most important variants of C-driven historical experi-
ment was hist-noLu (hereafter, C-HIST-NOLU), which uses
the preindustrial land use state throughout the entire simu-
lated historical period. The results of this simulation were
used to diagnose land use change emissions that include the
foregone sink, i.e., the loss of additional sink capacity due to
historical land use and land cover change (Ciais et al., 2022).
Additionally, two other types of C-driven historical simula-
tions were used for in-depth analysis: (1) the “hist-bgc” ex-
periment (hereafter, C-HIST-BGC), which is an experiment
that is useful for analyzing carbon cycle feedbacks in the his-
torical simulation (C4MIP protocol by Jones et al., 2016). In
this experiment, the radiation processes “see” a constant CO2
concentration fixed at its preindustrial level, but the carbon
cycle processes “see” the changes in CO2 over the historical
period. Thus, because CO2-induced climate change is sup-
pressed, it enables quantification of the climate–carbon feed-
back in the models (Friedlingstein et al., 2006). (2) The “hist-
CO2” experiment (hereafter, C-HIST-CO2) was also used
for analysis. In this experiment, external forcings other than
CO2 (including non-CO2 GHG concentrations, aerosol emis-
sions, land use change, and nitrogen deposition) were fixed at
their preindustrial level, and the prescribed CO2 concentra-
tion pathway was identical to that used for C-HIST (DAMIP
protocol by Gillett et al., 2016). This experiment is useful for
separating the responses of the climate and the carbon cycle
to CO2 alone from those induced by non-CO2 forcings.

In addition to these historical-type experiments with the
C-driven setting, an idealized experiment (“1pctCO2”; here-
after, C-1PCT) was used in this study. In this experiment,
CO2 concentration was increased by 1 % annually, and all
other external forcings were fixed at their preindustrial level.
This experiment was used in this study to investigate the link-

ages between this idealized simulation and more realistic his-
torical simulations.

Some of the simulation results mentioned above have al-
ready been considered in previous studies. For example, anal-
ysis of the multi-model simulated CO2 concentration from
E-HIST experiments has already been presented in Gier et
al. (2020); the compatible fossil fuel emission and global
carbon budgets from C-HIST experiments have been investi-
gated by Liddicoat et al. (2021); the carbon cycle response to
land use change scenarios was analyzed by both Liddicoat et
al. (2021) and Ito et al. (2020); and the results from an ideal-
ized experiment, C-1PCT, have been used in the analysis of
carbon cycle feedbacks by Arora et al. (2020). In recognition
of those previous studies, this study focused mainly on ex-
amining the linkages of the global carbon budgets between
these multiple experiments. For this purpose, the simulated
variables were reanalyzed in this study using a different de-
trending method, analysis period, and target models.

2.2 Models

This study analyzed 12 CMIP6 ESMs for which simulation
results of both C-HIST and E-HIST are available (Table 2).
Furthermore, because land use change emission, which can
be diagnosed from the C-HIST-NOLU experiment, is an im-
portant component of the global carbon budget, two ESMs
(i.e., CMCC-ESM2 and IPSL-CM6A-LR) were added to the
list of target models, although corresponding E-HIST results
are unavailable.

2.3 Definition of analyzed variables and global carbon
budget equations

The global carbon budget can be expressed using five terms:

EFF(t)+ELUC(t)= CA(t)+CO(t)+CLN(t),

where EFF(t) is the cumulative emission from fossil fuels
from 1850 to t ; ELUC(t) is that from net land use change
(i.e., carbon emission derived from vegetation disturbances
(e.g., deforestation and crop harvesting) minus carbon up-
take by plant regrowth after the disturbances); and CA(t),
CO(t), and CLN(t) represent the change in carbon amount in
the atmosphere, ocean, and natural land ecosystem, respec-
tively. In this expression, CLN(t) is equivalent to the cumu-
lative carbon uptake by land where land use status is fixed
at the preindustrial condition. Calculations of the cumulative
values start from 1850. Hereafter, for concise expression, we
drop the expression (t) from the above equation:

EFF+ELUC = CA+CO+CLN. (1a)

Using a term of land carbon change that includes land use
change impact (CL), this equation can be rewritten as fol-
lows:

EFF =CA+CO+ (CLN−ELUC)= CA+CO+CL,

where CL = (CLN−ELUC) . (1b)
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In this expression, land use change emission ELUC becomes
implicit and is incorporated into CL. In most cases, ESMs
simulate land carbon fluxes in this way. See Appendix A for
further details regarding the derivation of Eq. (1b).

On the basis of Eq. (1b), the method of simulation in the
E-driven mode (i.e., the change in atmospheric CO2 concen-
tration is simulated explicitly) can be summarized as follows:

CE-HIST
A = ECMIP6F

FF −

(
CE-HIST

O +CE-HIST
L

)
, (2)

where the superscript E-HIST represents the historical exper-
iment with the E-driven mode, and the superscript CMIP6F
implies the forcing prescribed by CMIP6. Using this pre-
scribed fossil fuel emission rate (ECMIP6F

FF ) and the prescribed
land cover change, models simulate the change in atmo-
spheric CO2 concentration (presented here as atmospheric
carbon burden change, CE-HIST

A ) based on simulation of the
land and ocean fluxes (CE-HIST

O and CE-HIST
L , respectively)

that are affected by the carbon cycle and other feedbacks.
The calculation of compatible fossil fuel emission in the

C-driven historical experiment (C-HIST) can be expressed
as follows:

EC-HIST
FF = CCMIP6F

A +CC-HIST
O +CC-HIST

L . (3a)

By prescribing the CO2 concentration (presented here as at-
mospheric carbon change, CCMIP6F

A ), models can simulate
the ocean and land carbon fluxes (CC-HIST

O and CC-HIST
L , re-

spectively) that reflect both climate and carbon cycle feed-
backs and the impacts from other external forcing. Through
a posteriori summation of CCMIP6F

A , CC-HIST
O , and CC-HIST

L ,
the cumulative value of the compatible fossil fuel emission
EC-HIST

FF can be diagnosed.
When the natural carbon uptake by land (CC-HIST

LN ) and
land use change emission (EC-HIST

LUC ) can be assessed through
a combination of other historical experiments (i.e., hist-
noLu), this expression can be rewritten as follows:

EC-HIST
FF = CCMIP6F

A +CC-HIST
O +

(
CC-HIST

LN −EC-HIST
LUC

)
. (3b)

The analysis performed in this study was based on Eqs. (1)–
(3), and three types of CMIP6 variables were used (Ta-
ble 3). The first variable was atmospheric CO2 concentration,
which is the three-dimensional atmospheric CO2 concentra-
tion, named “co2” in CMIP6. In this study, the globally av-
eraged concentration (hereafter, “CO2”) was analyzed. Us-
ing this variable, CA was calculated as CA =1CO2×2.124,
where 2.124 is the ppmv–PgC conversion factor (Prather et
al., 2012). If the co2 variable was unavailable, the global
mass of atmospheric carbon, “co2mass”, was used instead in
the analysis. The second and third variables, named nbp and
fgco2 in CMIP6, represent the rate of CO2 exchange between
the atmosphere and the land biosphere and the ocean, respec-
tively; in this analysis, these fluxes were analyzed after be-
ing converted to cumulative values, i.e., 1CL =

∫ t
1850nbpdt

https://doi.org/10.5194/bg-22-1447-2025 Biogeosciences, 22, 1447–1473, 2025



1452 T. Hajima et al.: Consistency of global carbon budget

Table
2.L

istof
participating

C
M

IP6
E

SM
s

and
the

experim
entoutputs

used
in

this
study.C

ircle
sym

bols
and

“N
A

”
representm

odeldata
availability

and
unavailability,respectively,

forthe
experim

ents.T
he

“–”
sym

bolrepresents
a

m
odelorexperim

entforw
hich

data
are

available
butnotanalyzed

in
this

study;C
-H

IST-B
G

C
results

from
nine

E
SM

s
are

available,
butonly

tw
o

w
ere

used
foranalysis

because
the

analysis
needed

both
C

-H
IST-B

G
C

and
C

-H
IST-C

O
2

results;C
-1PC

T
results

are
available

forallE
SM

s,butthis
study

used
10

m
odels

thatalso
provided

C
-H

IST-N
O

L
U

results;C
-H

IST-N
O

L
U

results
ofN

orE
SM

2-L
M

w
ere

notused
in

this
study

because
ofthe

quality
ofland

carbon
flux

data
in

the
experim

ent.

E
-driven

(em
ission-driven)

C
-driven

(concentration-driven)
C

-driven,idealized

E
-PI

E
-H

IST
C

-PI
C

-H
IST

C
-H

IST-N
O

L
U

C
-H

IST-B
G

C
C

-H
IST-C

O
2

C
-1PC

T
R

eferences
(esm

-piC
ontrol)

(esm
-historical)

(piC
ontrol)

(historical)
(hist-noL

u)
(hist-bgc)

(hist-C
O

2)
(1pctC

O
2)

A
C

C
E

SS-E
SM

1-5
©

©
©

©
©

–
N

A
©

Z
iehn

etal.(2020)
C

E
SM

2
©

©
©

©
©

–
N

A
©

D
anabasoglu

etal.(2020)
C

M
C

C
-E

SM
2

N
A

N
A

©
©

©
N

A
N

A
©

L
ovato

etal.(2022)
C

N
R

M
-E

SM
2-1

©
©

©
©

©
–

N
A

©
Séférian

etal.(2019)
C

anE
SM

5
©

©
©

©
©

©
©

©
Sw

artetal.(2019)
C

anE
SM

5-C
anO

E
©

©
©

©
N

A
N

A
N

A
–

Sw
artetal.(2019)

E
C

-E
arth3-C

C
©

©
©

©
N

A
N

A
N

A
–

D
öscheretal.(2022)

G
FD

L
-E

SM
4

©
©

©
©

©
–

N
A

©
D

unne
etal.(2020)

IPSL
-C

M
6A

-L
R

N
A

N
A

©
©

©
–

N
A

©
B

oucheretal.(2020)
M

IR
O

C
-E

S2L
©

©
©

©
©

©
©

©
H

ajim
a

etal.(2020)
M

PI-E
SM

1-2-L
R

©
©

©
©

©
–

N
A

©
M

auritsen
etal.(2019)

M
R

I-E
SM

2-0
©

©
©

©
N

A
N

A
N

A
–

Y
ukim

oto
etal.(2019)

N
orE

SM
2-L

M
©

©
©

©
–

N
A

N
A

–
Seland

etal.(2020)
U

K
E

SM
1-0-L

L
©

©
©

©
©

–
N

A
©

Sellaretal.(2019)
N

um
berofm

odels
12

12
14

14
10

2
2

10

and1CO =
∫ t

1850fgco2dt , respectively. As mentioned above,
drift corrections were applied to these cumulative variables
because the models are not necessarily fully equilibrated in
the piControl run and because models sometimes assume ad-
ditional natural sources and/or sinks of carbon (Appendix B).

Although the scope of this study focused primarily on
global carbon cycle processes, it was considered to be valu-
able to compare the simulated global mean surface air tem-
perature (hereafter, “GSAT”) between C-HIST and E-HIST.
Therefore, GSAT was calculated from the “tas” variable in
CMIP6, and drift correction was performed by evaluating
the GSAT trend linearly in the preindustrial control experi-
ment and subtracting the trend from the simulated GSAT in
C-HIST and E-HIST (Fig. S1 in the Supplement).

2.4 Analysis procedures and variables

The analysis procedures adopted are summarized in this sec-
tion and illustrated in Figs. 1 and 2. Figure 1 summarizes
the first stage of the multi-model comparison, the purpose of
which was to confirm the level of consistency between the
C-HIST and E-HIST experiments with regard to the funda-
mental terms of the global carbon budget. This stage consists
of the following steps:

1. comparison of the prescribed fossil fuel emissions used
for E-HIST (ECMIP6F

FF ) with compatible emissions ob-
tained from the C-HIST experiment (EC-HIST

FF )

2. comparison of the prescribed CO2 concentration used
for C-HIST (CO2CMIP6F) with the simulated concentra-
tion in E-HIST (CO2E-HIST)

3. comparison of simulated ocean and land carbon uptake
in C-HIST (CC-HIST

O and CC-HIST
L , respectively) with

those of E-HIST (CE-HIST
O and CE-HIST

L , respectively)

4. comparison of GSAT between C-HIST and E-HIST
(GSATC-HIST and GSATE-HIST, respectively).

The second stage of the multi-model comparison, which
consists of four steps, was designed to investigate the link-
ages of E-driven historical experiments with other C-driven
experiments, as summarized in Fig. 2.

1. A potential linkage between the atmospheric CO2
concentration simulated in the E-HIST experiment
(CO2E-HIST) and the compatible anthropogenic emis-
sions of C-HIST (EC-HIST

FF ; see Eq. 3a and Table 3) was
investigated because both factors are important quanti-
ties in summarizing the carbon cycle processes in each
experimental configuration.

2. Compatible fossil fuel emission (EC-HIST
FF ) was com-

pared to the diagnosed land use change emission
(EC-HIST

LUC ) in C-HIST to investigate the potential rela-
tionship between them in C-HIST because their nega-
tive correlation was identified in a previous study (Lid-
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Table 3. Definition of variables.

Variable name Description Unit Original variable
name in CMIP6

CO2 Global mean CO2 concentration ppmv Amon/co2, co2mass
E Cumulative anthropogenic carbon emission PgC –
EFF Cumulative (compatible) fossil fuel carbon emission PgC –
ELUC Cumulative land use change carbon emission PgC –
CA Change in atmospheric carbon PgC –
CLN Change in land carbon (without land use change impact) PgC –
CL Change in land carbon (with land use change impact) PgC Lmon/nbp
CO Change in ocean carbon PgC Omon/fgco2
GSAT Global-mean surface air temperature °C Amon/tas

Figure 1. Analysis flow chart 1. The purpose of this series of analyses was to confirm the level of consistency between the historical E-
driven experiments (E-HIST, left) and the C-driven experiments (C-HIST, right). Definitions of the variables and experiments can be found
in Tables 1, 2, and 3. Solid arrows represent decomposition of the global carbon budget, and bold arrows with numbers represent comparison
steps. All analyses were performed after removing the trend found in the preindustrial control experiments (C-PI and E-PI).

dicoat et al., 2021). In this study, EC-HIST
LUC was esti-

mated by taking the difference between the results of
C-HIST (normal historical simulations) and C-HIST-
NOLU (historical simulation without land use change),
as presented in Table 1 and Eqs. (3a) and (3b). We note
that the method of diagnosis of land use change emis-
sion is under debate and that the EC-HIST

LUC diagnosed
in this study might yield a different magnitude of the

cumulative emission compared with that of other ap-
proaches (Obermeier et al., 2021; Ciais et al., 2022).

3. EC-HIST
FF depends on the magnitude of natural carbon

sinks of the land and the ocean (Eq. 3b), which are
affected by carbon cycle feedbacks. The carbon cycle
feedbacks in models have been widely diagnosed using
the idealized experiment C-1PCT. Thus, in this study,
the magnitudes of the land and ocean natural sinks

https://doi.org/10.5194/bg-22-1447-2025 Biogeosciences, 22, 1447–1473, 2025
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were compared between the realistic historical simula-
tion (C-HIST) and the idealized experiment (C-1PCT).
For this analysis, historical land carbon change with-
out land use change impact (CC-HIST

LN , which is equiva-
lent to CC-HIST-NOLU

L ) was required because land carbon
change is simulated in the idealized experiment in this
way.

4. After performing step (3), to confirm the reasons for es-
tablishing clear or non-clear relationships between the
historical and the idealized experiments, the changes
in land and ocean carbon were decomposed into the
changes caused by four types of drivers, namely

i. carbon change induced by CO2–carbon feedback
(CO2-BGC)

ii. carbon change induced by climate–carbon feed-
back caused by CO2-induced warming (CO2-
CLIM)

iii. carbon change induced by land use change (LUC)

iv. carbon change induced by non-CO2 effects
(NONCO2).

The carbon changes induced by the four drivers can be di-
agnosed by taking into account the differences between four
types of historical simulations (C-HIST, C-HIST-NOLU, C-
HIST-BGC, and C-HIST-CO2; Table 1; see Appendix C
for the detailed methodology). However, because of data
availability, this analysis was applied to only two models:
CanESM5 and MIROC-ES2L.

On the basis of the analysis steps, the linkages between
the C-HIST and E-HIST historical experiments were inves-
tigated. In the analysis, it was assumed that the major differ-
ence between the two types of experimental configurations
reflects whether the simulated carbon fluxes change the CO2
concentration (E-HIST) or not (C-HIST). We note, however,
that there could be other reasons that might cause system-
atic differences in the carbon cycle behavior between the two
types of experiment. First, the CO2 concentration in E-HIST
is usually simulated using a three-dimensional field with sub-
daily time steps, while that in C-HIST might be spatially ho-
mogeneous or longitudinally averaged with annual or sea-
sonal time steps. This might affect the geographical and sea-
sonal pattern of natural carbon sinks. Second, because of the
difference in the spatial distribution of CO2 concentration,
the radiative forcing that arises from CO2 might also be dif-
ferent between the two types of experiments, affecting the
meteorological conditions over the land and ocean surfaces
and altering carbon cycle and/or biophysical feedbacks. Fi-
nally, because of the differences mentioned above, the spin-
up procedure is usually performed separately for each exper-
iment, and the spin-up duration might be different. This can
cause different initial states in the climate and the carbon cy-
cle system between C-HIST and E-HIST that might affect
the historical change in the global carbon budget.

3 Results and discussion

3.1 Result of analysis 1: consistency between emission-
and concentration-driven historical simulations

3.1.1 Multi-model means

The results of analysis 1 (Fig. 1), i.e., the comparison be-
tween C-HIST and E-HIST experiments with regard to the
basic components of the global carbon budget, are shown
in Table 4, Fig. 3 (multi-model averages), and Fig. S2 (in-
dividual model results). In Table 4, the global carbon bud-
gets are presented as cumulative values (except for CO2 con-
centration) during 1850–2014. Inspection of Fig. 3 confirms
that the multi-model averages of C-HIST and E-HIST gen-
erally show reasonable agreement for the temporal changes
in fossil fuel and land use emission, CO2 concentration, and
carbon uptake by the ocean and by the land. However, sev-
eral discrepancies exist between the two experiments. First,
the multi-model average of compatible fossil fuel emission
is 374 PgC, which is smaller by 35 PgC than that used as
the prescribed emission for E-HIST (Fig. 3a). Second, dur-
ing 1900–1950, the carbon budget components of fossil fuel
emission (Fig. 3a), change in CO2 concentration (Fig. 3b),
and carbon uptake by the land and by the ocean (Fig. 3c
and d) in E-HIST are slightly smaller than those in C-HIST.
This suggests that it is difficult for E-HIST to reproduce the
CO2 concentration plateau observed in ice core measure-
ments, which is discussed later. Third, the multi-model aver-
age of simulated CO2 concentration at the end of E-HIST is
405 ppmv, which is larger by approximately 7 ppmv than that
of the prescribed concentration used for C-HIST (Fig. 3b).
Fourth, because of the variation in simulated CO2 concentra-
tion between the models (405± 14.4 ppmv in 2014), E-HIST
exhibits larger spread in terms of GSAT (by 30 %) than C-
HIST, in which models use a common CO2 concentration
pathway (Fig. 3e).

In comparison with the numbers reported in the best es-
timates of the global carbon budget, i.e., GCB2021, the
multi-model average of compatible fossil fuel emission di-
agnosed from C-HIST is smaller by approximately 26 PgC
(Table 4 and Fig. 3a). Additionally, the prescribed fossil
fuel emission used for E-HIST has minor discrepancies with
GCB2021. In CMIP6, the emissions were based on a Com-
munity Emissions Data System approach (Hoesly et al.,
2018) that produces CO2 emissions that are consistent with
all the other species. Fundamentally, the Community Emis-
sions Data System is sector-based and not fuel-based; con-
sequently, the cumulative CMIP6 emissions are higher than
the GCB2021 emissions by approximately 10 PgC (Table 4;
Andrew, 2020), mainly in the period 1950–1999. Moreover,
the total anthropogenic CO2 emissions in CMIP6 consisted
of the sum of all sectors in the two-dimensional files and the
three-dimensional emissions in the aircraft CO2 emissions
files. Although most modeling groups likely used this sum-
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Figure 2. Analysis flow chart 2. The purpose of this series of analyses was to investigate the linkages between E-driven historical experiments
and other C-driven experiments. Solid arrows represent decomposition of the global carbon budget, and bold arrows with numbers represent
comparison steps. Definitions of the variables and experiments can be found in Tables 1, 2, and 3. All analyses were performed after removing
the trend found in the preindustrial control experiments (C-PI and E-PI).

mation to force emission-driven experiments, some might
have neglected the aviation emissions, and the corresponding
discrepancy in the simulated atmospheric CO2 concentration
by 2014 could be of the order of several parts per million.

The multi-model average of land use change emission,
which was diagnosed by taking the difference between
C-HIST and C-HIST-NOLU, is 129 PgC, which is much
smaller (by approximately 65 PgC) than that of the GCB2021
estimation (Table 4 and Fig. 3a). This large discrepancy be-
tween the CMIP6 ESMs and GCB2021 might arise from the
different assumptions, definitions, or approaches adopted for
the land use change emission. In the CMIP6 simulations,
the land use change emission is interactively computed in
the transient historical simulation. Thus, the emission cal-
culation is subject to the effect of environmental changes;
e.g., carbon emission from deforestation and carbon uptake
through forest regrowth are simulated under time-varying
CO2 concentrations and climate change. Additionally, the
models analyzed here for land use change emissions (Ta-
ble 4), except for the three models of GFDL-ESM4, MIROC-
ES2L, and MPI-ESM1-2-LR, consider net land use changes;
i.e., concurrent, bidirectional transformations between land

use types within a grid cell are not considered (Ito et al.,
2020). This might lead to underestimation of the magni-
tude of land use change emission, as highlighted previously
(e.g., Ciais et al., 2022; Friedlingstein et al., 2021). Mean-
while, GCB2021 adopts a bookkeeping method for estimat-
ing the land use change emission with gross transition of land
use changes. The method usually assumes constant biomass
throughout the historical period for the emission calculation;
however, because contemporary biomass is used for the cal-
culation, the emission from deforested biomass and the loss
of additional carbon sinks could be larger than in the ESM
simulations (Obermeier et al., 2021; Friedlingstein et al.,
2021).

The natural land carbon sink is simulated by the CMIP6
ESMs to be 148± 31 PgC (C-HIST-NOLU), whereas
GCB2021 has a value of 180± 40 PgC (Table 4 and Fig. 3c).
The ocean carbon sink is simulated to be 137± 11 PgC in
C-HIST and 145± 17 PgC in E-HIST, both of which are
slightly lower than the GCB2021 estimate of 150± 30 PgC
(Table 4 and Fig. 3d).

We note that simulated climate variability could change
the magnitudes of simulated CO2 uptakes, causing different

https://doi.org/10.5194/bg-22-1447-2025 Biogeosciences, 22, 1447–1473, 2025
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magnitudes of cumulative land and ocean uptakes in different
ensemble members of the historical experiment. However,
examination using multiple ensemble members of C-HIST,
performed using MIROC-ES2L (30 members) and UKESM-
1-0-LL (12 members), reveals that the impact of internal cli-
mate variability on these cumulative quantities is small (Ta-
ble S1). The multi-ensemble spread of cumulative terrestrial
carbon uptake is± 4.1 PgC for MIROC-ES2L and± 4.1 PgC
for UKESM, which is approximately only 6 % of the multi-
model spread (± 74.2 PgC; Table 4); for the ocean, the multi-
ensemble spread is confirmed to be ± 0.8 PgC for MIROC-
ES2L and ± 1.4 PgC for UKESM, i.e., both substantially
smaller than the multi-model spread of ± 10.7 PgC.

3.1.2 Individual models

Although the multi-model averages have been confirmed
to show general agreement between C-HIST and E-HIST,
the simulation results of each individual model sometimes
show large differences between the two types of experiments
(Fig. 4). First, although land carbon uptake (CL) in each
model shows similar magnitudes between the two experi-
ments (R2

= 0.97; Fig. 4), ocean carbon uptake (CO) shows
weak correlation (CO, R2

= 0.01; Fig. 4b), suggesting that
ocean carbon uptake of E-HIST cannot be well explained by
that of C-HIST in some models. This is likely due to differ-
ences in the experimental configurations. In E-HIST, the land
carbon flux, the magnitude of which is estimated very differ-
ently by the models and forced to change by the prescribed
land cover dataset, changes the simulated atmospheric CO2
concentration. Thus, models with land carbon uptake that is
too strong likely simulate lower CO2 concentrations, leading
to a weaker ocean carbon sink through the CO2–oceanic car-
bon feedback process. This mechanism makes the ocean car-
bon uptake dependent on the land carbon uptake (R2

= 0.56;
Fig. 4d), yielding a different magnitude of ocean carbon up-
take between E-HIST and C-HIST. Meanwhile, in C-HIST,
the land and ocean carbon fluxes do not change the CO2 con-
centration, and, thus, the land carbon flux in the models does
not affect the ocean carbon sink, resulting in independent
behavior of the land and ocean carbon fluxes (R2

= 0.01;
Fig. 4c). Additionally, the spatial distribution and the season-
ality of the prescribed CO2 concentration used for C-HIST
are lost or latitudinally fixed, while the concentration field
in E-HIST is freely simulated by the models. To some ex-
tent, this might be another reason for the yielding of differ-
ent magnitudes of the ocean carbon sink between C-HIST
and E-HIST (Halloran, 2012).

3.2 Result of analysis 2: linkages of CO2 concentration
in E-driven experiment with other variables in
C-driven experiments

In the analysis in Sect. 3.1, we compared the fundamental
terms of the global carbon budget between C-HIST and E-
HIST. In the following, on the basis of the analytical pro-
cedure shown in Fig. 2, the linkages between E-HIST and
several types of C-driven experiment are investigated.

3.2.1 Diagnosed anthropogenic emissions (EC-HIST
FF )

and simulated CO2 concentration (COE-HIST
2 )

In Fig. 5, the simulated CO2 concentration for 2014 in E-
HIST (CO2E-HIST) is plotted against the cumulative anthro-
pogenic CO2 emissions (EC-HIST

FF and EC-HIST
LUC ) diagnosed

from C-HIST following step (1) in Fig. 2. As mentioned in
Sects. 1 and 2, EC-HIST

FF can be considered to be an indicator
that aggregates carbon cycle feedbacks and the response to
environmental change in C-HIST, while CO2E-HIST is appli-
cable to E-HIST. It should be noted that we used the com-
patible fossil fuel emission EC-HIST

FF that is corrected by the
carbon budget imbalance found in each model (IB column
in Table 4) because CO2E-HIST and EC-HIST

FF should be com-
pared with the equivalent quality (Appendix B).

In Fig. 5a, the compatible fossil fuel plus the simulated
land use change emission (EC-HIST

FF +EC-HIST
LUC ) is used to ex-

plain CO2E-HIST; in Fig. 5b, the compatible fossil fuel emis-
sion (EC-HIST

FF ) alone is used as the explanatory variable. In
the analysis, EC-HIST

FF +EC-HIST
LUC does not explain CO2E-HIST

well (R2
= 0.05), whereas using EC-HIST

FF alone shows strong
correlation (R2

= 0.91). In E-HIST, the strength of carbon
cycle feedbacks and the magnitude of land use change emis-
sion in the models determine the CO2 concentration (y axis
of Fig. 5b). In C-HIST, however, the strength of feedbacks
and the land use change emission are reflected in the com-
patible fossil fuel emission (x axis of Fig. 5b) by defini-
tion (Eq. 3b); consequently, models that have strong land
use change emission should have lower compatible emission,
which is discussed later. Thus, using only the compatible fos-
sil fuel emission of C-HIST better explains the magnitude of
the CO2 concentration in E-HIST.

It is evident that CO2E-HIST and EC-HIST
FF are anticor-

related (Fig. 5b), and the slope of the regression line is
−0.20 ppmv PgC−1, which is equivalent to a cumulative
airborne fraction of −0.47 PgC PgC−1. Thus, models with
larger compatible fossil fuel emission in C-HIST have a
lower simulated CO2 concentration in E-HIST. Interestingly,
the observed concentration and the fossil fuel emission re-
ported in GCB2021 almost plot on the regression line, pro-
viding an important indication that models with an adequate
cumulative compatible fossil fuel emission value (400 PgC)
will simulate a CO2 concentration that is sufficiently close
to the observed value (397.6 ppmv). However, there is only
one model that can simulate the compatible fossil fuel emis-
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Figure 3. Consistency of global carbon budget and anomaly of global mean surface air temperature (GSAT) between C-driven and E-driven
CMIP6 historical (1850–2014) simulations (i.e., C-HIST and E-HIST, respectively), shown by the multi-model means of the ESMs. This
analysis corresponds to steps (1), (2), (3), and (4) shown in Fig. 1. Simulated results of C-HIST and E-HIST are represented by solid lines
and dashed lines, respectively, in panels (a), which represents cumulative anthropogenic emission EFF before the imbalance correction;
(b), which represents atmospheric CO2 concentration CO2; (c), which represents cumulative land carbon uptake with (CL, dark green) and
without (CLN, light green) consideration of the impact of land use change; (d), which represents cumulative ocean carbon uptake CO; and
(e), which represents the anomaly of GSAT. Vertical bars within panels (a)–(d) show the estimation range from GCB2021. The vertical
bar within panel (e) reflects reference data obtained from Gulev et al. (2021), showing the GSAT change presented by an anomaly from
1850–1900 to 1995–2014. In panels (a) and (b), fossil fuel emission for the E-driven run and CO2 concentration for the C-driven run,
respectively, are obtained from the prescribed forcing datasets used for CMIP6. In the boxplots, the bottom and top caps represent the
minimum and maximum model results (no outlier), respectively, and the bottom and top ends of the boxes represent the 25th and 75th
percentiles, respectively; horizontal lines in the boxes represent the median (50th percentile); the numbers for 2014 are used in the boxplots
in panels (a)–(d), and the 2005–2014 average is used in panel (e). A similar plot confirming the individual model results is shown in Fig. S2.

sion within the range of the GCB2021 values, i.e., CNRM-
ESM2-1 (382.4 PgC). Consequently, most models overes-
timate or underestimate the concentration by more than
5 ppmv (Fig. 5b and Table 4). Further details targeting spe-
cific models can be found in Sect. S1 and Fig. S6 in the Sup-
plement.

3.2.2 Diagnosed emissions of fossil fuel (EC-HIST
FF ) and

land use change (EC-HIST
LUC )

In the next step, we compare two types of anthropogenic
emission, i.e., fossil fuel (EC-HIST

FF ) emission and land use
change (EC-HIST

LUC ) emission (step 2 in Fig. 2) in C-HIST, and
the result is shown in Fig. 6. As reported by Liddicoat et
al. (2021), the two variables in C-HIST show an anticorre-
lation relationship (R2

= 0.56). This is because, by replac-
ing CCMIP6F

A +CC-HIST
O +CC-HIST

LN with S in Eq. (3b), the

Biogeosciences, 22, 1447–1473, 2025 https://doi.org/10.5194/bg-22-1447-2025



T. Hajima et al.: Consistency of global carbon budget 1459

Figure 4. Comparison of cumulative carbon uptakes by land and ocean between the C-driven and E-driven historical (1850–2014) experi-
ments (i.e., C-HIST and E-HIST, respectively) simulated by CMIP6 ESMs. This analysis corresponds to step (3) in Fig. 1, and the comparison
is made at the end of the historical simulations. The two types of historical simulations are compared with regard to (a) cumulative land car-
bon uptake CL and (b) cumulative ocean carbon uptake CO. The dependency between the carbon uptake of the land and of the ocean in each
experiment is shown in (c) for C-HIST and (d) for E-HIST. Solid and dashed lines represent the regression line and the 1 : 1 line, respectively.
Red bars represent the range of uncertainty obtained from GCB2021 (Friedlingstein et al., 2021); it should be noted that GCB2021 does not
report land carbon uptake with a consideration of the impact of land use change (CL), and, thus, it is estimated here as CL = CLN−ELUC
and σ 2

CL = σ
2
CLN+ σ

2
ELUC.

equation for the global carbon budget can be rewritten as
EC-HIST

FF = S−EC-HIST
LUC . This equation suggests an underly-

ing mechanism for the creation of the negative correlation
between EC-HIST

FF and EC-HIST
LUC ; i.e., a model with higher land

use change emission will yield lower fossil fuel emission to
achieve the same CO2 increase over the historical period (we
note that CC-HIST

O , CC-HIST
LN , and EC-HIST

LUC are confirmed to be
independent of each other). Because the term S is not con-
stant and differs among the various models, the individual
models do not lie directly on the regression line. Comparison
with GCB2021 reveals that no model can reproduce values
of EC-HIST

FF and EC-HIST
LUC that are simultaneously within the

range suggested by GCB2021.

3.2.3 Natural carbon sinks of land (CLN) and ocean
(CO) in C-HIST and C-1PCT

The analysis above confirms, as expected, that diagnosed
compatible fossil fuel emissions in the C-HIST experiment
are affected by the magnitude of the land use change emis-
sions simulated by the models. Additionally, the magnitude
of the compatible fossil fuel emissions is also controlled by
the magnitude of the simulated natural carbon sinks (CC-HIST

LN
for land and CC-HIST

O for ocean, Eq. 3b), both of which are
strongly affected by the magnitude of the CO2–carbon and
climate–carbon feedbacks. Here, we compare the simulated
natural sinks over land (CC-HIST

LN ) and ocean (CC-HIST
O ) in the

C-HIST experiment with those simulated in the idealized C-
1PCT experiment, as illustrated in step (3) of Fig. 2. This

https://doi.org/10.5194/bg-22-1447-2025 Biogeosciences, 22, 1447–1473, 2025



1460 T. Hajima et al.: Consistency of global carbon budget

Figure 5. Comparison of CO2 concentration in the E-driven historical run CO2E-HIST with cumulative values of (a) total anthropogenic (i.e.,
compatible fossil fuel and land use change, EC-HIST

FF +ELUC) emission and (b) compatible fossil fuel emission EC-HIST
FF alone. This analysis

corresponds to step (1) in Fig. 2, and the comparison is made at the end of the historical simulations for 2014. The solid line represents the
regression line (the equation in black represents the regression using atmospheric CO2 concentration, and the equation in blue denotes the
regression result that uses atmospheric carbon loading as the dependent variable). The red bars represent the range of uncertainty obtained
from GCB2021 (Friedlingstein et al., 2021). The number of models reflects the availability of simulation results necessary for the analysis.
Note that the compatible emissions were corrected using the imbalance term found in each model, and the plot before the correction is shown
in Fig. S3.

comparison examines the linkages between the realistic his-
torical experiment and the idealized experiment, where the
latter is configured to analyze the carbon cycle feedbacks of
the ESMs.

The comparison is made between the end of the C-
HIST simulation (397.6 ppmv) and the 34th year of C-1PCT
(398.8 ppmv). The results illustrated in Fig. 7a show that
the natural ocean carbon sink has a positive correlation be-
tween C-HIST and C-1PCT (R2

= 0.81). This suggests that
the magnitude of the natural ocean sink in C-HIST could
be approximated from that in C-1PCT, although the magni-
tudes of the sinks differ owing to the different rate of CO2
increase assumed in the scenarios. Conversely, the historical
natural land carbon sink, which is obtained from C-HIST-
NOLU, shows weak correlation with the idealized experi-
ment (R2

= 0.07, Fig. 7b), although a systematic trend that
models with higher CC−1PCT

L tend to have larger CC-HIST
LN

is confirmed. This suggests that the C-1PCT results, which
have been widely used to investigate the carbon cycle feed-
backs of the models, cannot be extrapolated to the C-HIST
results in terms of the natural land carbon sink.

3.2.4 Possible reasons to make strong or weak linkages
of natural carbon sinks between C-HIST and
C-1PCT

To investigate the reason why a strong correlation between
C-HIST and C-1PCT was found in ocean carbon uptake but

not in land carbon uptake (Fig. 7), the cumulative carbon up-
take by land and ocean was decomposed into the changes
attributable to four types of drivers (i.e., CO2-BGC, CO2-
CLIM, LUC, and NONCO2; analysis step (4) of Fig. 2; Ap-
pendix C). As described in the Methods section, this decom-
position requires four types of historical experiments, and
data availability limits the models to only CanESM5 and
MIROC-ES2L. However, these two models are distinctive
in the plotting space of Fig. 7b. Namely, CanESM5 is the
model that shows the largest land carbon accumulation in C-
1PCT, whereas MIROC-ES2L is the largest in C-HIST. Thus,
analysis of these two models would elucidate the underlying
mechanism that created the lack of correlation in land carbon
uptake between C-HIST and C-1PCT.

The results listed in Table 5 represent the cumulative
values in 2014. For the ocean, we found that the CO2-
BGC effect, which refers to carbon change via CO2–carbon
feedbacks, is almost comparable between the two models
(137.9 PgC for CanESM5 and 130.9 PgC for MIROC-ES2L).
Additionally, the ocean is mainly governed by the CO2-
BGC effect, and the other three drivers (i.e., CO2-CLIM,
NONCO2, and LUC) were diagnosed as being minor, i.e.,
< 5 PgC in terms of their absolute value. The analysis clearly
shows that ocean carbon uptake in C-HIST is dominated by
CO2–carbon feedback on the global scale, as confirmed in
C-1PCT (Arora et al., 2020); this can be expected from the
formulation of ocean carbon flux, the modeling of which is

Biogeosciences, 22, 1447–1473, 2025 https://doi.org/10.5194/bg-22-1447-2025



T. Hajima et al.: Consistency of global carbon budget 1461

Figure 6. Comparison of cumulative land use change emission
EC-HIST

LUC and compatible fossil fuel emission EC-HIST
FF in the C-

driven historical run; land use change emission is diagnosed from
a combination of C-HIST and C-HIST-NOLU. This analysis corre-
sponds to step (2) in Fig. 2, and the comparison is made at the end
of the historical simulations. The solid line represents the regression
line, and the red bars represent the range of uncertainty obtained
from GCB2021 (Friedlingstein et al., 2021). Note that the compat-
ible emissions were corrected using the imbalance term found in
each model, and the result before the correction is shown in Fig. S4.

more directly linked with the atmospheric CO2 concentration
(Hauck et al., 2020) than land (Ruehr et al., 2023). Because
this dominance is common in both C-HIST and C-1PCT, a
strong linkage was likely to be created for the ocean carbon
uptake between the two experiments (Fig. 7a).

On land, the cumulative carbon change induced by CO2-
BGC was largest in both models (229.9 PgC for CanESM5
and 202.5 PgC for MIROC-ES2L); however, the impact of
each of the other three drivers was non-negligible. CO2-
CLIM, which represents the carbon change caused by CO2-
induced warming, showed a moderate impact on land car-
bon uptake, with a very similar magnitude between the mod-
els (−28.6 PgC for CanESM5 and −30.6 PgC for MIROC-
ES2L). The effect of LUC was evaluated to reduce land
carbon by 137.7 PgC in CanESM5 and by 159.4 PgC in
MIROC-ES2L (values that are identical to the cumulative
values of land use change emission listed in Table 4).
NONCO2 is the carbon change induced by warming or cool-
ing from non-CO2 greenhouse gases and aerosols (Jones
et al., 2003), and it also includes the direct stimulation of
land biogeochemistry via nutrient inputs (e.g., nitrogen de-
position). This NONCO2 effect showed moderate impacts in
both models, but the signs were different (i.e., −78.4 PgC
for CanESM5 and +37.2 PgC for MIROC-ES2L), leading to

the largest discrepancy of 115.6 PgC between the two mod-
els. Because the NONCO2 effect is active in C-HIST and
C-HIST-NOLU but absent in the C-1PCT experiment (Ta-
ble 1), this is the main reason for the remarkable difference
in land carbon uptake between CanESM5 and MIROC-ES2L
(Fig. 7b). This might also be true for other models and might
explain the weak linkage between CC-HIST

LN and CC-1PCT
L in

CMIP6 ESMs.

4 Suggestions for improved simulation of CO2
concentration

4.1 Linkage of land use change emission with other
terms of global carbon budgets

The land use change processes and the subsequent carbon
emissions are modeled to be forced by changes in land cover
that are read externally, and, in the analysis above, land use
change emission was the component with the largest spread
among the models (EC-HIST

LUC = 129.3± 66.6 PgC; Table 4).
The standard deviation is more than twice that of the natural
land sink (CC-HIST

LN = 148.2± 31.2 PgC) and is far larger than
that of the ocean carbon sink (CC-HIST

O = 136.7± 10.7 PgC).
Here, we investigate how the magnitude of land use change
emission is linked to other carbon cycle variables.

The magnitude of land use change emission is independent
of the natural carbon sink on land (Fig. 8a), and the net land
carbon uptake (CC-HIST

L = CC-HIST
LN −EC-HIST

LUC ) is strongly
controlled by the level of EC-HIST

LUC (R2
= 0.81; Fig. 8b). The

same is true of the emission-driven historical experiment
(CE-HIST

L , R2
= 0.78; Fig. 8c). Furthermore, in the emission-

driven experiment, we found that the level of ocean carbon
uptake (CE-HIST

O ) is also determined by EC-HIST
LUC (Fig. 8d)

because a model with a higher (lower) land use change
emission would lead to a higher (lower) CO2 concentration,
promoting (reducing) ocean carbon uptake in the emission-
driven simulation. Consequently, CE-HIST

O in the current gen-
eration of ESMs is correlated more withEC-HIST

LUC (R2
= 0.51;

Fig. 8d) than with CC-HIST
O (R2

= 0.01; Fig. 4b), suggesting
that greater attention should be paid to the magnitude of sim-
ulated land use change emission when examining the abso-
lute magnitude of ocean carbon uptake in E-HIST. Finally,
the magnitude of EC-HIST

LUC also determines the simulated at-
mospheric CO2 concentration (R2

= 0.32; Fig. 8e).
This study confirmed that emissions from land use change

showed the biggest uncertainty among the terms of the global
carbon budget. Several reasons for this can be considered.
First, the largest uncertainty might partly arise from the rel-
atively small number of available models that are necessary
for the diagnosis (10 models in this study). Second, vegeta-
tion carbon is different among the models, and this might
explain the different magnitudes of EC-HIST

LUC that originate
from stored carbon on land. The investigation, however, con-
firmed no correlation between the amount of initial vegeta-

https://doi.org/10.5194/bg-22-1447-2025 Biogeosciences, 22, 1447–1473, 2025
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Figure 7. Comparison between the idealized experiment with a 1 % CO2 increase (C-1PCT) and the C-driven historical experiment (C-
HIST): (a) cumulative ocean carbon uptake (CC-HIST

O versus CC-1PCT
O ) and (b) cumulative land carbon uptake without a consideration of

land use change (CC-HIST
LN versus CC-1PCT

L , where CC-HIST
LN is obtained as CC-HIST-NOLU

L ). This analysis corresponds to step (3) in Fig. 2.
The comparison is made at the end of the C-HIST simulation (397.6 ppmv) and in the 34th year of C-1PCT (398.8 ppmv). The solid lines
represent the regression lines. The horizontal red line identifies the corresponding GCB2021 values, and the red-shaded area shows the range
of uncertainty.

Table 5. Changes in natural carbon fluxes integrated over the entire historical period (1850–2014), presented by four drivers (unit: PgC).
Positive numbers represent carbon uptake by land or ocean. This analysis corresponds to step (4) in Fig. 2.

Land Ocean

CO2-BGC CO2-CLIM NONCO2 LUC CO2-BGC CO2-CLIM NONCO2 LUC

CanESM5 229.9 −28.6 −78.4 −137.7 137.9 −6.6 1.2 1.4
MIROC-ES2L 202.5 −30.6 37.2 −159.4 130.9 −3.8 5.6 0.3

Difference 27.4 2.0 −115.6 21.7 7.0 −2.8 −4.4 1.1

tion carbon and the magnitude of EC-HIST
LUC (Fig. S5). There-

fore, the difference in the magnitude of EC-HIST
LUC among the

models probably arises from differences in the definition,
structure, and parameters of land use processes. Indeed, there
are multiple definitions of emissions of “land use, land use
change, and forestry” (Grassi et al., 2021), which are some-
times inconsistent between the estimation methods, and they
are linked not only to CO2 but across all GHGs (Lamb et al.,
2021). This analysis result stresses the urgent necessity for
more realistic simulations of those land use change processes
for better reproductions of CO2 concentration by ESMs.

4.2 Growth of atmospheric CO2 in five qualitatively
divided eras

The analyses so far have used cumulative values of the car-
bon fluxes at the end of the historical simulation, and, thus,
it is difficult to specify the period in which the biases of sim-
ulated CO2 concentration and/or carbon fluxes arise. Here,

we propose a method that helps to identify the period using
simulated CO2 concentrations.

First, we compared the simulated CO2 concentrations of
E-HIST and the prescribed concentration used in C-HIST
(Fig. 9); the absolute concentration is shown in Fig. 9a, and
the annual CO2 growth rate is shown in Fig. 9b. As shown
in Fig. 3, the multi-model mean of the CO2 concentration
agreed well with the concentration pathways of the reference
data, except for the period of 1940–1960, during which the
atmospheric growth rate in the reference data remained al-
most zero.

Second, we divided the historical period of 1850–2014
into five eras based on qualitative characteristics, and then the
cumulative CO2 growth in each era was evaluated (Fig. 9c).
The definitions of the five eras are follows:

– Era 1 (1850–1899). This is the period corresponding to
preindustrial conditions; land use change emission is the
dominant source of anthropogenic CO2 emission.
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Figure 8. Relationships of cumulative land use change emission diagnosed from concentration-driven historical experiments (EC-HIST
LUC ) with

other variables. The upper panels represent EC-HIST
LUC versus (a) cumulative land carbon uptake without a consideration of land use change

(CC-HIST
LN , which is identical to CC-HIST-NOLU

L ) and (b) cumulative net land carbon uptake (CC-HIST
L ) in concentration-driven historical

experiments. The lower panels are scatterplots for emission-driven historical experiments, presenting EC-HIST
LUC versus (c) cumulative net land

carbon uptake (CE-HIST
L ), (d) cumulative ocean carbon uptake (CE-HIST

O ), and (e) simulated CO2 concentration (CO2E-HIST). The numbers
of analyzed models differ between the concentration-driven (upper panels) and emission-driven (lower panels) experiments because of data
availability. Red bars represent the range of uncertainty obtained from GCB2021 (Friedlingstein et al., 2021).

– Era 2 (1900–1939). This is the period after the start of
the industrial revolution, in which fossil fuel emission
becomes comparable with land use change emission.

– Era 3 (1940–1959). This is the period when the ob-
served CO2 concentration determined from ice core
measurement suggests a concentration plateau.

– Era 4 (1960–1999). This is the period when the direct
measurement of atmospheric CO2 started, during which
fossil fuels become the dominant source of anthro-
pogenic emission, and agriculture (cropland expansion
and application of nitrogen fertilizer) rapidly grows; ni-
trogen deposition increases are accompanied by wors-
ening air quality.

– Era 5 (2000–2014). This is the recent period before the
Paris Agreement, during which the growth of fossil fuel
emission continues. More observation datasets, includ-
ing satellite measurements, become available for evalu-

ating carbon cycle processes in models. Nitrogen depo-
sition is reduced because of air pollution regulations.

In Fig. 9d, the simulated concentration bias at the end of
each era was visualized by normalizing the concentration
bias as follows:

NB(i, j)=
1CO2(i,j) − 1CO2CMIP6F (i)

1CO2CMIP6F (i)
;

i = 1, . . .,5;j = 1, . . .,12, (4)

where NB(i,j ) represents the normalized bias at the end
of each era (i = 1 to 5) in each model (j = 1 to 12), and
1CO2(i)CMIP6F and1CO2(i,j) are the change in CO2 con-
centration in the reference data and the change in the simu-
lated concentration, respectively.

In era 1, half the models underestimate the CO2 concen-
tration by a few parts per million by volume at the end of this
period, while other models reproduce the CO2 concentration
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well (except EC-Earth-CC and CNRM-ESM2-1, which over-
estimate the concentration). In this era, land use change is the
dominant source of anthropogenic emission; therefore, the
simulated CO2 concentration bias is most likely caused by
biases in land use change processes in the models. Era 2 rep-
resents the period after the start of the industrial revolution,
but land use change emissions continued to increase. Most
models with a positive (negative) concentration bias in era 2
have a positive (negative) concentration bias in era 1 as well.

At the end of era 3, all models overestimate the CO2 con-
centration by approximately 5 ppmv on average. The possi-
ble reasons for such overestimation are numerous: (1) the
CO2 emission used for E-HIST might be larger than that
expected from the observed CO2 concentration. The Law
Dome ice core record (Etheridge et al., 1996) used for his-
torical CO2 concentrations shows almost no increase dur-
ing the 1940s (< 1.5 ppm), which is inconsistent with the
14 PgC emissions during this decade. (2) The ocean and/or
land might have strengthened carbon sinks during this period,
attributable to internal climate variability (Joos et al., 1999),
which cannot be captured by the freely evolving climate sim-
ulations. (3) The land use change emissions simulated by the
ESMs for this period are perhaps larger than observed be-
cause the land abandonment during World War II might have
led to reduced CO2 emissions from land use change (Bastos
et al., 2016).

In eras 4 and 5, various processes such as land use change,
agriculture, and nitrogen deposition, as well as carbon cy-
cle feedbacks, become increasingly important. However, the
normalized concentration bias shown in Fig. 9d is smaller
than that in the other periods, likely because land use change
emission in eras 4 and 5, which is the most uncertain term
of the global carbon budget, becomes weaker in this period.
More than six models reproduce the positive CO2 biases in
eras 4 and 5, while the other models largely underestimate
the rate of growth in the CO2 concentration.

Here, we demonstrate that the division of the historical pe-
riod into the five eras and the assessment of CO2 growth can
link the dynamics of global carbon cycle processes that work
behind the concentration evolution. The assessment of CO2
over the individual eras is essentially the same as that found
in the examination of the annual growth rate of CO2 shown in
Fig. 9b. However, this method has three advantages over the
comparison of the annual CO2 growth rate: (1) the discrep-
ancies among the models are emphasized and clearly visual-
ized; (2) the sum of the concentration biases in each era is
identical to the concentration bias at the end of the historical
experiment, which makes it easy to find linkages between the
concentration bias over the entire simulation period and in
each of the divided periods; and (3) the qualitatively charac-
terized period can draw the attention of modelers to the dom-
inant processes specific to each period, suggesting that the
consideration of such processes should be improved. Further
analysis that combines this method (Fig. 9) with the feed-
back analysis (Table 5) would be helpful when identifying

quantitatively the mechanism of CO2 concentration changes
in each era (Fig. S7).

5 Summary and conclusions

In this study, with the objective of acquiring insights into
how to improve the accuracy of atmospheric CO2 concen-
trations simulated by ESMs, we examined both C-driven
and E-driven types of simulations by CMIP6 ESMs. Gen-
erally, E-driven historical experiments have advantages in
terms of capturing the causal chains of climate–carbon pro-
cesses as they occur in the real world and are expected to
evaluate the full span of the uncertainty range that covers
the entire carbon–climate system. Meanwhile, C-driven his-
torical simulations can isolate and evaluate the forced re-
sponses and feedback processes of the Earth system, particu-
larly the carbon cycle processes. We first examined the con-
sistency between C- and E-driven simulations with regard to
the fundamental terms of the global carbon budgets (fossil
fuel and land use change emissions, land and ocean carbon
uptakes, and atmospheric CO2 concentration; Fig. 1). The
multi-model means of the two types of experiment generally
show good agreement with each other (Fig. 3 and Table 4),
but some discrepancies were found. The cumulative com-
patible fossil fuel emission diagnosed from C-driven experi-
ments is lower by approximately 35 PgC than the prescribed
emission used to drive the E-driven historical experiment.
The simulated CO2 concentration at the end of the E-driven
historical simulation is higher than that of the observed value
by 7 ppmv. Although the reason for these discrepancies be-
tween the C-driven and E-driven historical experiments is un-
clear, the overestimation of simulated CO2 concentration is
sufficiently small to make the multi-model averages of GSAT
between the E-driven and C-driven simulations negligible.
The spread of GSAT among the models, however, was found
to become larger in the E-driven experiment (± 0.37 °C) than
in the C-driven experiment (± 0.28 °C) because of the large
variation in the simulated CO2 concentrations (± 14 ppmv),
suggesting that the E-driven setting would bring additional
uncertainty into the simulated GSAT owing to the bias in the
simulated CO2 concentration. This small additional spread in
historical simulations is compensated for by the advantage of
being able to span the uncertainty in future projections much
more fully.

The magnitude of simulated net land carbon uptake is
determined by the strength of terrestrial carbon cycle feed-
backs and the response to land use change forcing. Although
the multi-model spread of the net land carbon uptake CL
is large (6.0± 74.2 PgC for the C-driven experiments and
15.2± 65.5 PgC for the E-driven experiments; Table 4), the
relative order between the models was almost unchanged be-
tween the C-driven and E-driven experiments (R2

= 0.97,
Fig. 4a). In contrast, some individual models showed a dis-
tinctly different magnitude of ocean carbon uptake between
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Figure 9. Temporal variation in global CO2 concentration simulated by the CMIP6 ESMs (CO2E-HIST) and the analysis: (a) annual mean
CO2 concentration, (b) annual CO2 growth rate, (c) CO2 concentration anomaly in five eras, and (d) normalized bias in each era. In (a) and
(b), the thick red line represents the CO2 concentration used as prescribed data for CMIP6, the CO2 concentration simulated by each model
is represented by the thin colored lines, and the multi-model mean (12 ESMs) is shown by the thick dashed line. In (c), the historical period
is divided into five eras, and the CO2 concentration anomaly from the beginning of each era (1850, 1900, 1940, 1960, and 2000) is presented.
The heatmap in (d) shows the normalized CO2 concentration bias in each era, with a stronger positive (negative) bias shown by the denser
red (blue) color. The calculation of normalized concentration bias follows Eq. (5).

the C-driven and E-driven experiments (R2
= 0.01, Fig. 4b).

A likely reason is that the E-driven setting allows ocean car-
bon fluxes to be dependent on land carbon fluxes via CO2–
carbon feedback, and, thus, a portion of the bias in the land
carbon flux is imposed on the ocean flux. In particular, land
use change emission, which is a component flux of the net
atmosphere–land carbon exchange, is not a feedback process
but a forced response to land use change. Thus, the bias in
land use change emission is likely to be imposed on the ocean
carbon flux in the E-driven simulations. This mechanism ex-
plains the fact that the magnitude of the ocean carbon sink
in the E-driven setting is more correlated with land carbon
uptake (R2

= 0.56, Fig. 4d) rather than with the magnitude
of the ocean carbon sink that is evaluated in the C-driven

historical simulation (Fig. 4b). Additionally, the interlinking
mechanism between land and ocean can partly offset the car-
bon flux bias found in one component by imposing it onto the
other, which sometimes makes the trajectory of atmospheric
CO2 concentration in E-driven simulations more realistic.

The magnitudes of the natural carbon sinks of land and
ocean are affected by carbon cycle feedback processes,
which have been widely evaluated using idealized experi-
mental settings (e.g., Arora et al., 2020). In this study, the
linkages of land and ocean carbon sinks between the ideal-
ized experiment (C-1PCT) and the C-driven historical exper-
iment (C-HIST) were investigated (Fig. 7). We found that the
magnitudes of the ocean carbon sink in the historical simu-
lation were well explained by those evaluated in C-1PCT,
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likely because of the dominant role of CO2–carbon feed-
back in determining the magnitude of the ocean carbon sink.
Meanwhile, the magnitudes of land carbon uptake showed
a weak linkage between C-1PCT and the C-driven histori-
cal run, where land use and land cover are fixed (C-HIST-
NOLU), despite the absence of land use change impacts in
both experiments. Further detailed analysis suggested that
the non-CO2 effects (i.e., climate–carbon feedback induced
by non-CO2 agents and direct stimulation of land biogeo-
chemistry via nutrient input) could play a role in causing the
large difference in the natural carbon sink between the two
experiments (Table 5 and Appendix C). However, this con-
clusion was based on simulations by two models, and, thus,
to obtain a more robust conclusion, it will be necessary for
larger numbers of models to participate in all the experiments
listed in Table 2. Particularly, the DAMIP hist-CO2 experi-
ment was performed by only two ESMs, thereby precluding
all others from the more detailed analysis.

These quantitative assessments between C- and E-driven
historical experiments were confirmed by multiple CMIP6
ESMs, and one of the most important confirmations obtained
from this study was the fact that a strong negative correlation
was found between the simulated CO2 concentration and the
compatible fossil fuel emission (R2

= 0.91, Fig. 5b). This
suggests that reasonable reproduction of compatible fossil
fuel emission in the C-driven experiments likely assures rea-
sonable performance of the simulated CO2 concentration in
the E-driven experiments, although most of the current gen-
eration of ESMs analyzed in this study cannot reproduce the
compatible fossil fuel emission reasonably, i.e., within the
range of GCB2021. In CMIP6, the multi-model average val-
ues of EC-HIST

FF and CO2E-HIST are 374 PgC and 405 ppmv,
respectively, whereas the corresponding GCB2021 values are
400± 20 PgC and 397.6 ppmv, respectively. The visualiza-
tion of each model status regarding the global carbon budget
and showing the gap in relation to GCB2021 on the plotting
space of EC-HIST

FF vs. CO2E-HIST (Fig. S6) might provide fur-
ther guidance with regard to the best means to improve the
global carbon budget in both C- and E-driven historical sim-
ulations.

In this study, much of the discussion concerned compar-
isons with GCB2021, which is regarded to be the best ag-
gregation of scientific knowledge with regard to the global
carbon budget (e.g., Table 4 and Fig. 3). Through such com-
parisons, it is suggested that the natural land sink simulated
by ESMs (148± 31 PgC, CLN in Table 4) is lower than that
of GCB2021 (180± 40 PgC), which relies on offline land
and ocean biogeochemistry models. In addition to the global-
scale discrepancy, it has already been identified that the
CMIP6 multi-model mean performed well for all regions and
variables assessed by the RECCAP2 regional assessments for
the land carbon cycle; however, no single model performed
well for every region or for every variable, and there were
complex signals with regard to the role of process inclusion
in helping improve model fidelity (Jones et al., 2023). In this

study, it was also confirmed that ESMs generally simulate
smaller cumulative land use change emission (129± 67 PgC)
than that reported by GCB2021 (195± 60 PgC); the estima-
tion spreads in both GCB2021 and ESMs are the largest
among the basic components of the global carbon budget
(CO2, CO, CLN, and ELUC in Table 4). The overall method-
ology for estimating land use change emission is different
between GCB2021 and ESMs (bookkeeping method versus
process-based estimation) and in the details of the emission
calculations and assumptions (e.g., ESMs diagnose the emis-
sion by taking the anomaly between two different historical
experiments, whereas GCB methods usually assume constant
land biomass throughout the historical period). Therefore,
the mechanism that produces such systematic discrepancies
between the GCB models and ESMs, particularly the pro-
cesses that control the magnitude of land use change emis-
sion, should be explored intensively in future work.

To help identify the period when the biases of simulated
CO2 concentration and/or carbon fluxes arise, this study pro-
posed a method to evaluate the growth of simulated CO2 con-
centrations in five eras that were characterized qualitatively
(Fig. 9). The division succeeded in clarifying the period dur-
ing which the CO2 concentration biases of the models are
produced and, thus, could draw the attention of modelers to
the most important processes specific to each period. One
common feature confirmed among the models was the over-
estimation of CO2 concentration during the 1940–1959 pe-
riod, when ice core measurements suggest a CO2 concen-
tration plateau. Although it is difficult to specify the reason
based on this study, the models produce an overestimation of
approximately 5 ppmv on average in this era. Furthermore,
the results suggested the causes of the CO2 concentration
bias: e.g., models that underestimated the CO2 concentration
in 1850–1899 likely simulate relatively low land use change
emission in this period. Such suggestions would be validated
in future work that extends the analysis to include feedback
analysis (Fig. S7). Additionally, extension of the historical
simulation beyond 2020 and consideration of an additional
analysis with one more era following the Paris Agreement
might help to highlight implications for global warming mit-
igation policies.

Finally, on the basis of the findings of this study, sugges-
tions to improve the CO2 concentration simulated by ESMs
are summarized as follows:

1. It is likely that a model with a cumulative compati-
ble fossil fuel emission of approximately 400 PgC dur-
ing 1850–2014 would be able to adequately capture the
CO2 concentration level in the E-driven historical ex-
periment. A model with a larger compatible fossil fuel
emission in a C-driven run should have a lower simu-
lated CO2 concentration in an E-driven experiment and
vice versa. However, most CMIP6 ESMs cannot simu-
late compatible fossil fuel emission within the range of
the GCB2021 estimate; consequently, they cannot re-
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produce an accurate CO2 concentration at the end of the
historical simulation.

2. To accurately reproduce the atmospheric CO2 concen-
tration, simulating land and ocean carbon uptakes with
reasonable magnitudes is necessary. We should recog-
nize that these carbon uptakes in a model can behave
differently among various types of simulations. The
magnitude of ocean carbon uptakes simulated in the 1 %
CO2 experiment explains that in the C-driven historical
simulations well, likely because of the dominant role of
CO2–carbon feedback in the ocean; however, the ocean
sink in the C-driven historical simulation can be differ-
ent from that in the E-driven simulation, in which car-
bon uptakes by the land and the ocean interact via CO2
concentration, and, thus, a portion of carbon flux bias on
land can be imposed on the ocean carbon flux. Mean-
while, land carbon uptakes between the C- and E-driven
historical simulations behave very similarly; however, it
is difficult to approximate the magnitude of land carbon
uptakes in the historical simulations from the simulation
result of the idealized experiment because land carbon
uptake probably experiences non-negligible impacts as
a result of non-CO2 effects (climate–carbon feedback
induced by non-CO2 agents and/or direct stimulation of
land carbon uptake via nutrient inputs) that are absent
in the idealized experiment.

3. One of the largest estimation spreads among the mod-
els was found in the term of land use change emission,
and accurate reproduction of land use change emission
is critical for better reproduction of CO2 concentration
and other global carbon budget terms. The magnitude of
simulated land use change emission not only affects the
level of net land carbon uptake but also determines the
magnitude of the ocean carbon sink in the E-driven ex-
periment. In the current generation of ESMs, the ocean
carbon sink in the E-driven experiment is well explained
by the magnitude of the simulated land use emissions
rather than by the magnitude of the ocean carbon sink
that is evaluated in the C-driven historical experiment.
For CMIP7 and beyond, performing hist-noLu experi-
ments with more models in both the historical and future
periods would allow for a more accurate quantification
of the simulated land use change emissions and for clar-
ification of the reasons for such variations in the land
use change emission in ESMs and the large discrepancy
between ESMs and GCB models.

4. Ideas for improved model performance in terms of the
global carbon budget would be inspired through evalu-
ation of the simulated CO2 concentration in emission-
driven historical experiments because CO2 concentra-
tion is observed or estimated with the lowest estimation
uncertainty. An analysis that divides the entire histor-
ical simulation period into five eras would be helpful

to specify when the concentration bias is produced in
the models. Future work that includes further feedback
analysis in the five eras will enable identification of the
mechanism behind the CO2 concentration bias.

Appendix A: Derivation of the global carbon budget
equations in flux and cumulative values

The global carbon budget equation can be formalized using
global carbon flux variables as follows:

FFF(t)=
dC′A (t)

dt
+ fgco2(t)+ nbp(t),

where FFF(t) is the carbon flux of fossil fuel emission;
fgco2(t) and nbp(t) are the net atmosphere–ocean and
atmosphere–land carbon fluxes, respectively; and C′A (t) is
the amount of carbon in the atmosphere.

By integrating both sides of the equation with time t , we
obtain the following:∫
FFF(t)dt =1C′A (t)+

∫
fgco2(t)dt +

∫
nbp(t)dt,

with this equation being equivalent to

EFF(t)=1C
′

A (t)+ 1C
′

O (t)+ 1C
′
L (t) ,

where EFF(t)=
∫
FFF(t)dt , 1C′O(t)=

∫
fgco2(t)dt , and

1C′L(t)=
∫

nbp(t)dt .
By further replacing 1C′A(t) with CA, 1C′O(t) with CO,

and 1C′L(t) with CL, this equation can be expressed as fol-
lows:

EFF = CA+ CO+ CL. (A1)

This is the same as Eq. (1b).

Appendix B: Compatible fossil fuel emission modified
by residual sink or source terms

With regard to Eq. (A1), we assumed in this study that
CO and CL for 2014 correspond to the cumulative land–
atmosphere and ocean–atmosphere CO2 exchange, respec-
tively, during 1850–2014; i.e., CL =

∫ 2014
1850 nbpdt and CO =∫ 2014

1850 fgco2dt . However, this assumption does not always
hold strictly in the ESM simulations for the following rea-
sons:

1. Models might have an additional source or sink of car-
bon attributable to external natural carbon inputs or
losses (IBnatural), which is not represented in Eq. (A1),
e.g., natural carbon input by volcanic eruptions (Hajima
et al., 2020) or a “missing carbon sink” to partly off-
set the external carbon input from rivers (Séférian et al.,
2019).
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2. Models sometimes have an additional source or sink
of carbon that arises from imperfect mass conserva-
tion in advection schemes or other artifacts in models
(IBartifact).

By explicitly expressing these additional sink or source
terms, Eq. A1 can be expressed as follows:

EFF = CA+CO+CL+ IB, (B1)

where IB= IBnatural+ IBartifact.
The IB in each model can be assessed by applying the E-

HIST result to Eq. (B1) as follows:

IBE-HIST

= ECMIP 6
FF −CE-HIST

A −CE-HIST
O −CE-HIST

L

= ECMIP6
FF −CE-HIST

A −

∫ 2014

1850
fgco2E-HIST dt

−

∫ 2014

1850
nbpE-HIST dt,

where ECMIP6
FF is the cumulative value of the emission ap-

plied to E-HIST, and the other three terms are obtained from
the E-HIST simulation by each model.

We note that the atmospheric CO2 concentrations in E-
HIST were simulated under the influence of those addi-
tional source or sink terms, while the compatible fossil fuel
emission was not. Thus, the compatible fossil fuel emission
obtained from C-HIST should also reflect those additional
source or sink terms in the calculation, particularly when in-
vestigating potential linkages between E-HIST and C-HIST.
The compatible fossil fuel emission modified by the residual
sink or source terms can be written as follows:

EC-HIST
FF = CCMIP6

A +

∫ 2014

1850
fgco2C-HIST dt

+

∫ 2014

1850
nbpC-HIST dt + IBC-HIST

= CCMIP6
A +

∫ 2014

1850
fgco2C-HIST dt

+

∫ 2014

1850
nbpC-HIST dt + IBE-HIST,

assuming IBC-HIST
= IBE-HIST.

Appendix C: Carbon changes expressed by four types of
drivers and their assessment

Here, we assume that cumulative land or ocean carbon uptake
CX (X denotes L or O) can be presented as the sum of the
carbon changes caused by four types of drivers:

CX = CX<CO2-BGC> +CX<CO2-CLIM>

+CX<LUC>+CX<NONCO2>, (C1)

where
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1. CX<CO2-BGC> is the carbon change induced by CO2–
carbon feedback (CO2-BGC);

2. CX<CO2-CLIM> is the carbon change caused by CO2-
induced warming and the resultant climate–carbon feed-
back (CO2-CLIM);

3. CX<LUC> is the carbon change induced by land use
change (LUC);

4. CX<NONCO2> is the carbon change induced by non-
CO2 effects (NONCO2), including warming or cool-
ing effects of non-GHG agents and direct stimulation
of biogeochemistry via external nutrient inputs.

Here, to separately evaluate the drivers of CX<CO2-BGC>,
CX<CO2-CLIM>,CX<LUC>, andCX<NONCO2>, we used four
types of historical experiments with the C-driven setting (C-
HIST, C-HIST-NOLU, C-HIST-BGC, and C-HIST-CO2; Ta-
ble 1). These experiments were originally designed to eval-
uate the forced responses and feedback processes of the cli-
mate system. On the basis of experimental protocols, CX in
each simulation can be expressed as outlined below (see also
Table C1).

C-HIST.

CC-HIST
X = CC-HIST

X<CO2-BGC>+C
C-HIST
X<CO2-CLIM>

+CC-HIST
X<LUC>+C

C-HIST
X<NONCO2> (C2)

C-HIST-NOLU.

CC-HIST-NOLU
X = CC-HIST

X<CO2-BGC>+C
C-HIST
X<CO2-CLIM>

+CC-HIST
X<NONCO2> (C3)

This is because prescribed land use and land cover changes
are fixed at the preindustrial level, making the terrestrial
CC-HIST
X<LUC> zero (Lawrence et al., 2016).
C-HIST-BGC.

CC-HIST-BGC
X = CC-HIST

X<CO2-BGC>+C
C-HIST
X<LUC>

+CC-HIST
X<NONCO2> (C4)

This is because climate–carbon feedback is suppressed in this
experiment, and, thus, CC-HIST

X<CO2-CLIM> can be assumed to be
zero (Jones et al., 2016).

C-HIST-CO2.

CC-HIST-CO2
X = CC-HIST

X<CO2-BGC>+C
C-HIST
X<CO2-CLIM> (C5)

This is because external forcings other than CO2 (i.e.,
non-CO2 GHG concentrations, aerosol emissions, land use
change, and nitrogen deposition) are fixed at their preindus-
trial levels, and the change in atmospheric CO2 concentration
is the only driver of anthropogenic change in the climate sys-
tem (Gillett et al., 2016).

From the four types of historical experiments, we can sep-
arately assess CX<CO2-BGC>, CX<CO2-CLIM>, CX<LUC>,

and CX<NONCO2> using Eqs. (C2)–(C5) as follows (see also
Table C1):

CC-HIST
X −CC-HIST-NOLU

X = CX<LUC>,

CC-HIST
X −CC-HIST-BGC

X = CX<CO2-CLIM>,

CC-HIST-BGC
X −CC-HIST-CO2

X = CX<NONCO2>,

CC-HIST-CO2
X − (CC-HIST

X −CC-HIST-BGC
X )= CX<CO2-BGC>.

We note that nonlinear terms (i.e., interactive effects
between CX<CO2-BGC>, CX<CO2-CLIM>, CX<LUC>, and
CX<NONCO2>) are assumed to be zero.

Code and data availability. The global values (1850–2014) used in
the figures and tables of this study are available in text format from
the Supplement. The original model outputs analyzed in this study
(Table 2) are distributed and made freely available through the Earth
System Grid Federation (ESGF). Details on the ESGF can be found
on the website of the CMIP Panel (https://www.wcrp-climate.org/
wgcm-cmip/wgcm-cmip6, last access: 21 January 2024).
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